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Maize (Zea mays L.) plants were grown to the nine-leaf stage.
Despite a saturating N supply, the youngest mature leaves (seventh
position on the stem) contained little NO3

2 reserve. Droughted
plants (deprived of nutrient solution) showed changes in foliar
enzyme activities, mRNA accumulation, photosynthesis, and carbo-
hydrate and amino acid contents. Total leaf water potential and
CO2 assimilation rates, measured 3 h into the photoperiod, de-
creased 3 d after the onset of drought. Starch, glucose, fructose, and
amino acids, but not sucrose (Suc), accumulated in the leaves of
droughted plants. Maximal extractable phosphoenolpyruvate car-
boxylase activities increased slightly during water deficit, whereas
the sensitivity of this enzyme to the inhibitor malate decreased.
Maximal extractable Suc phosphate synthase activities decreased as
a result of water stress, and there was an increase in the sensitivity
to the inhibitor orthophosphate. A correlation between maximal
extractable foliar nitrate reductase (NR) activity and the rate of CO2

assimilation was observed. The NR activation state and maximal
extractable NR activity declined rapidly in response to drought.
Photosynthesis and NR activity recovered rapidly when nutrient
solution was restored at this point. The decrease in maximal ex-
tractable NR activity was accompanied by a decrease in NR tran-
scripts, whereas Suc phosphate synthase and phosphoenolpyruvate
carboxylase mRNAs were much less affected. The coordination of N
and C metabolism is retained during drought conditions via modu-
lation of the activities of Suc phosphate synthase and NR commen-
surate with the prevailing rate of photosynthesis.

The assimilation of N in the leaves of higher plants
requires both energy and C skeletons. Triose phosphate
produced in the leaves as a result of photosynthetic C
assimilation can be used for the synthesis of either carbo-
hydrates or ketoacids (e.g. 2-oxoglutarate) via the anapleu-
rotic pathway. 2-Oxoglutarate produced in the cytosol is
imported into the chloroplasts, where it may serve as the
acceptor for NH4

1 during amino acid synthesis. To meet

the needs of growth and development for both carbohy-
drates and amino acids, C partitioning is coordinated by a
sophisticated regulatory system. Many points of reciprocal
control exist between the pathways of C and N assimilation
(Champigny and Foyer, 1992; Huber et al., 1992a, 1994a,
1994b, 1996b; Foyer et al., 1996). Effective regulation elim-
inates the competition observed in algae for available en-
ergy and C resources (Champigny and Foyer, 1992; Huppe
and Turpin, 1994; Foyer et al., 1996).

During prolonged periods of drought, the decrease in
water availability for transport-associated processes leads
to changes in the concentrations of many metabolites, fol-
lowed by disturbances in amino acid and carbohydrate
metabolism. For example, there is an increase in the syn-
thesis of compatible solutes such as special amino acids
(e.g. Pro), sugars and sugar-alcohols, and Gly betaine
(Yancey et al., 1982; Girousse et al., 1996). Acclimation to
drought requires responses that allow essential reactions of
primary metabolism to continue and enable the plant to
tolerate water deficits. In the complex interplay of natural
conditions, simple water deficits are unlikely to occur,
since they intrinsically affect the acquisition of essential
nutrients such as N and P (Talouizite and Champigny,
1988; Larsson et al., 1989, 1991; Beyrouty et al., 1994).
Indeed, drought-induced N deficiency was found to limit
recovery of photosynthesis in prairie grasses once water
was restored (Heckathorn et al., 1997).

Studies of the effects of drought on N acquisition have
frequently concerned phenomena associated with roots
stressed either by the addition of PEG (Talouizite and
Champigny, 1988; Larsson et al., 1989; Chazen and Neu-
mann, 1994) or by the withdrawal of irrigation (Nonami
and Boyer, 1990; Davies et al., 1994; Fambrini et al., 1994).
Although there have been many studies of the physiolog-
ical and molecular processes that enable the plant to toler-
ate drought stress and of nutrient acquisition during water
deficit, relatively little information is available concerning
the coordination of C and N assimilation under these cir-
cumstances (Brewitz et al., 1996).
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The reduction of NO3
2 to NO2

2 catalyzed by NR is
considered to be the rate-limiting step of N assimilation.
NR activity is coordinated with the rate of photosynthesis
and the availability of C skeletons by both transcriptional
and posttranslational controls (Kaiser et al., 1993; Huber et
al., 1996b). Transcription of the NR gene nia is induced by
NO3

2 (Cheng et al., 1986) and repressed by Gln (Vincentz
et al., 1993). It is also induced by sugars (Cheng et al., 1992;
Vincentz et al., 1993; Krapp and Stitt, 1995). Moreover, a
circadian rhythm in NR gene expression has been observed
(Galangau et al., 1988; Becker et al., 1992; Scheible et al.,
1997a).

In situations of water deprivation, maximal foliar ex-
tractable NR activity has been found to decrease in some
cases (Plaut, 1974; Heuer et al., 1979; Talouizite and
Champigny, 1988; Larsson et al., 1989) but not in others
(Brewitz et al., 1996). Posttranslational regulation of NR
activity is superimposed on the regulation of NR transcript
accumulation (Huber et al., 1992b, 1996a). Reversible inac-
tivation occurs when the phosphorylated NR protein inter-
acts with an inhibitory protein in the presence of Mg21

(Glaab and Kaiser, 1995; Mackintosh et al., 1995). Protein-
phosphorylation-dependent changes in NR activity are
regulated at least in part by sugars and related metabolites
(Kaiser and Brendle-Brehnisch, 1991). Therefore, NR is inac-
tivated in the light when C fixation is prevented (Kaiser and
Forster, 1989). Such a situation occurs during water depri-
vation, which has been found to increase NR inactivation
(Kaiser and Brendle-Behnisch 1991; Brewitz et al., 1996).

SPS plays a pivotal role in Suc synthesis (Kerr and Hu-
ber, 1987; Foyer and Galtier, 1996). Like NR, SPS activity is
modulated by a complex series of regulatory controls that
involve both allosteric regulation (Doehlert and Huber,
1983) and protein phosphorylation (Huber and Huber,
1990). Phosphorylation leads to a decrease in the affinity of
the enzyme for its substrates and an increase in its suscep-
tibility to the inhibitor Pi. Changes in the phosphorylation
state of the SPS protein are implicated in the adjustment of
the SPS activation state to the prevailing rates of photosyn-
thesis and acclimation to water stress (Quick et al., 1989;
Zrenner and Stitt, 1991). In contrast to metabolic regulation
of SPS, little is known about the regulation of SPS gene
transcription. An increase in SPS mRNA is correlated with
the sink-to-source transition in leaves (Klein et al., 1993).
SPS is induced when sugar levels are low (Klein et al., 1993;
Hesse et al., 1995).

PEPCase catalyzes the carboxylation of PEP to oxaloac-
etate. This cytosolic enzyme fixes HCO3

2 during C4 pho-
tosynthesis and is the first enzyme of the anapleurotic
pathway replenishing oxaloacetate in the tricarboxylic
acid cycle (Melzer and O’Leary, 1987). Phosphorylation of
PEPCase results in an increase in maximal enzyme activity
and a decrease in the sensitivity of the enzyme to the
inhibitor malate (Jiao and Chollet, 1991; Bakrim et al.,
1993). Modulation of NR, SPS, and PEPCase activities is
implicated in the coordinate adjustments of C and N as-
similation to meet the needs of metabolism (Champigny
and Foyer, 1992; Van Quy and Champigny, 1992). For the
present study we followed the regulation of these enzymes
through a period of water deficit and recovery in leaves of

fully grown maize (Zea mays L.) plants to characterize
molecular and metabolic mechanisms that permit coordi-
nate control of primary C and N metabolism under these
circumstances.

MATERIALS AND METHODS

Maize (Zea mays L.) plants were grown individually in
10-L pots in a growth chamber with a 16-h photoperiod at
23°C day/18°C night and 170 mmol photons m22 s21 irra-
diance. The plants were supplied daily with a complete
nutrient solution containing 10 mm NO3

2 and 2 mm NH4
1

(Coı̈c and Lesaint, 1975). When the plants had nine leaves
with the seventh leaf mature, they were transferred to one
of the following conditions of water availability: For 7 d,
one-half of the plants received no irrigation (droughted
plants), and the remaining plants received nutrient solu-
tion continuously (water-replete plants). In parallel exper-
iments, one-half of the droughted plants was resupplied
with nutrient solution after 3 d until the end of the exper-
iment (rewatered plants). All measurements were made on
the seventh (youngest mature) leaf only.

Photosynthesis Measurements and Sample Preparation

Photosynthetic CO2 assimilation and total leaf water po-
tential were measured during the period of the experi-
ments. The rate of photosynthetic CO2 assimilation was
measured on attached leaves using an IR gas analyzer
(model LCA4, Analytical Developmental Co., Hoddesdon,
UK) under the conditions of irradiance prevailing in the
controlled environment chambers, as described by Foyer et
al. (1994). The total leaf water potential of the leaves was
measured using a Scholander pressure chamber (PMS In-
strument Co., Corvallis, OR). Each experiment was re-
peated twice, with a total of 20 plants in each case. Leaves
were harvested 3 h after the beginning of the photoperiod
on the days of the experiment indicated on the figures.
They were weighed and metabolism was stopped by immer-
sion in liquid N. The frozen leaf samples were ground in
liquid N and divided into portions that were subsequently
used for RNA extraction, enzyme assays, and determination
of carbohydrate, amino acid, and NO3

2 contents.

Isolation of RNA and Northern-Blot Analysis

RNA was extracted from frozen leaf tissue as described
by Verwoerd et al. (1989). The isolated RNA was precipi-
tated twice, each time with 4 m LiCl for 60 min at 0°C, to
remove traces of DNA and small RNA species. Electro-
phoretic separation of total denatured RNA samples, trans-
fer onto blotting membranes (Zeta Probe, Bio-Rad), and
hybridization with 32P-labeled cDNAs corresponding to
NR (Gowrie and Campbell, 1989), PEPCase (Sheen and
Bogorad, 1987), or SPS (Worrell et al., 1991) of maize were
performed as previously described (Migge et al., 1996).
The signals visible after autoradiography were quantified
by phosphor imaging. In all cases, three replicates were
performed.
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Enzyme Assays

NR

NR was extracted from leaf tissue that had been reduced
to a fine powder in a mortar with liquid N. The extraction
buffer (50 mm Mops-KOH, pH 7.8, 5 mm NaF, 1 mm
Na2MoO4, 10 mm FAD, 1 mm leupeptin, 1 mm microcystin,
0.2 g21 fresh weight PVP, 2 mm b-mercaptoethanol, and 5
mm EDTA) was then added to the leaf tissue powder (1 mL
50 mg21 fresh weight). The homogenate was centrifuged at
4°C for 5 min at 12,000g. NR activity was measured imme-
diately in the supernatant. The reaction mixture consisted
of 50 mm Mops-KOH buffer, pH 7.5, supplemented with 1
mm NaF, 10 mm KNO3, 0.17 mm NADH, and either 10 mm
MgCl2 or 5 mm EDTA. The reaction was terminated after 8
or 16 min by the addition of an equal volume of sulfanil-
amide (1% [w/v] in 3 n HCl) and then naphthylethylene-
diamine dihydrochloride (0.02% [w/v]) to the reaction
mixture, and the A540 was measured. The activation state of
NR is defined as the activity measured in the presence of 10
mm MgCl2 divided by the activity measured in the pres-
ence of 5 mm EDTA (expressed as a percentage).

SPS

Frozen leaf material was ground in a mortar with liquid
N in a medium (250 mg fresh weight mL21) containing 100
mm Tricine buffer, pH 7.5, and 200 mm KCl, 5 mm DTT, 4%
(w/v) insoluble PVP, 0.33 mm PMSF, 6 mm leupeptin, 0.6
mm N-ethyl maleimide, and 1.3 mm EDTA. The homoge-
nate was centrifuged at 12,000g for 5 min and the super-
natant was desalted using a Sephadex G-25 column (PD10,
Pharmacia). The proteins were eluted with 100 mm Tricine
buffer, pH 7.5, containing 200 mm KCl and 5 mm DTT. SPS
activity was determined under Vmax conditions or under
conditions of limiting substrates in the presence of Pi (Vsel).
The Vmax assay medium consisted of 50 mm Mops-NaOH
buffer, pH 7.5, 15 mm MgCl2, 1 mm DTT, 10 mm Fru-6-P, 10
mm UDP-Glc, and 40 mm Glc-6-P. The Vsel assay was
similar to this except that the concentrations of Fru-6-P,
UDP-Glc, and Glc-6-P were 2, 6, and 6 mm, respectively,
and 5 mm Pi was added to the assay medium. All reactions
were incubated at 25°C for 15 min and then stopped by the
addition of 7.5 m NaOH, 1/1, v/v). Unreacted Fru-6-P was
destroyed by boiling for 10 min. After the assay mixture
was cooled, anthrone (0.14% [w/v] in 13.8 n H2SO4) was
added and the sample was incubated at 40°C for a further
20 min. The A620 was then measured.

PEPCase

Leaf tissue was ground in liquid N in a medium contain-
ing 100 mm Tris-HCl, pH 8.0, 10 mm MgCl2, 20% (v/v)
glycerol, 5 mm DTT, 5 mm NaF, 1 mm PMSF, 1 mm micro-
cystin, 20 mm leupeptin, 16 mm chymostatin, and 2% (w/v)
PVP. Extracts were centrifuged at 4°C for 15 min at 15,000
rpm and desalted rapidly on Sephadex G-25. The reaction
medium consisted of 50 mm Hepes-KOH, pH 7.3, 5 mm
MgCl2, 1 mm NaHCO3, 5 mm NaF, 0.2 mm NADH, 10 units

of malate dehydrogenase (Boehringer Mannheim), and 3
mm PEP in a final volume of 1 mL. Control cuvettes were
without PEP. The reaction was followed at A340 in cuvettes
maintained at 30°C. Malate sensitivity was determined by
the addition of 0.8 mm malate to both the sample and
control cuvettes.

Carbohydrate Analysis

Lyophilized leaf material was ground in a mortar with 1
m HClO4 (5–10 mg dry weight mL21), and the extract was
centrifuged at 12,000g for 5 min. The supernatant was used
for the determination of soluble sugars (hexose and Suc),
and the pellet was used for the estimation of the starch
content. An aliquot of the supernatant fraction (500 mL)
was neutralized by adding 200 mL of 0.5 m Tris-HCl, pH
7.5, and 60 mL of 5 m K2CO3. The precipitate from this
reaction was removed by centrifugation at 12,000g for 5
min. Glc, Fru, and Suc in the soluble fraction were analyzed
enzymatically as described by Galtier et al. (1995). The
pellet reserved for starch determination was resuspended
in water and incubated at 100°C for 2 h. Glc was then
released by incubation at 50°C for 3 h in 20 mm sodium
acetate buffer, pH 4.6, with amylase (0.66 units mL21) and
amyloglucosidase (15 units mL21; both enzymes from
Boehringer Mannheim) and assayed enzymatically as de-
scribed above.

Amino Acid Analysis

Amino acids were extracted from lyophilized leaf mate-
rial in 2% (w/v) 5-sulfosalicylic acid (10 mg dry weight
mL21). The extract was centrifuged at 12,000g for 5 min,
and the supernatant was assayed for total amino acids by
the Rosen colorimetric method with Leu as the reference.
An aliquot of the supernatant was used to determine amino
acid composition by ion-exchange chromatography (model
LC5001 analyzer, Biotronics, Lowell, MA; Rochat and Bou-
tin, 1989); physiological program run with lithium citrate
buffers and detection at A570 and A440 after postcolumn
derivatization with ninhydrin (Rochat and Boutin, 1989).

Determination of NO3
2, Protein, and Chlorophyll

NO3
2, protein, and chlorophyll were analyzed using the

same leaf extracts as for NR activity. NO3
2 was determined

by the method of Cataldo et al. (1975), soluble protein was
determined by the method of Bradford (1976), and chloro-
phyll was determined by the method of Arnon (1949).

RESULTS

Total Leaf Water Potential and Photosynthesis

The total leaf water potential in well-watered control
plants (20.5 MPa) was constant throughout the period of
the experiment (Fig. 1). In contrast, the total leaf water
potential of the leaves of the droughted plants measured
3 h into the photoperiod decreased sharply after 3 d of
water deprivation (Fig. 1). The rates of photosynthetic CO2
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assimilation increased in well-watered plants over the first
3 d of the experiment, whereas photosynthesis was con-
stant over this period in plants deprived of water (Fig. 2).
At the point of measurement (3 h into the photoperiod)
total leaf water potential was similar in leaves of all plants
for the first 3 d of the experiment; therefore, it is not
surprising that the measured rates of photosynthesis did
not decline over this period. Nevertheless, photosynthesis
in well-watered and droughted plants varied by a factor of
2 at d 3 of the experiment. Once the total leaf water poten-
tial decreased (from d 4 of water deprivation onward),
there was a concomitant substantial (approximately 50%)
loss of CO2 assimilation capacity in the droughted leaves
(Fig. 2). Photosynthetic CO2 assimilation was comparable
in all plants when water was resupplied to the droughted
plants on d 3 of the experiment (Fig. 2).

NR Activity

Total extractable foliar NR activity decreased as a result
of water stress (Fig. 3A). Less than 10% of the original
maximal NR activity remained after 7 d of water depriva-
tion. NR activity extracted and assayed in the presence of
Mg21 (Fig. 3D) and compared with the total activity ex-
tracted and assayed in the presence of EDTA (Fig. 3A)
gives an indication of the activation state of the enzyme
(Kaiser et al., 1993; Huber et al., 1996b). NR was about 60%
activated in water-replete leaves harvested 3 h into the
photoperiod (Fig. 3D). The NR activation state decreased in
droughted leaves compared with well-watered controls. The
values of NR activity were very low in the presence of the
inhibitor Mg21, causing considerable variation in calculated
values for NR activation state (Fig. 3D). Maximal extractable
NR activity recovered rapidly when water was restored at
d 3 of the experiment (Fig. 4). There was a clear relationship
between total extractable NR activity and the rate of
photosynthetic CO2 assimilation such that the inhibition of

photosynthesis caused by water stress correlated with a
marked decrease in total NR activity (r2 5 0.832; Fig. 5).

PEPCase and SPS Activities

The maximal catalytic activity of PEPCase significantly
increased in water-stressed maize leaves compared with
well-watered controls (Fig. 3B). At the same time, the sen-
sitivity to the inhibitor malate was decreased in droughted
plants compared with the water-replete controls (Fig. 3E).
Total extractable SPS activity decreased in droughted
leaves compared with the well-watered controls (Fig. 3C),
and there was a concomitant increase in the sensitivity of
the enzyme to the inhibitor Pi (Fig. 3F).

Transcript Levels

NR transcript abundance rapidly decreased following
the imposition of water stress (Fig. 6). After 7 d of water
deprivation, NR mRNA was about 80% lower than in
water-replete plants (Fig. 6B); however, the NR mRNA
pool was restored within 24 h after droughted plants were
rehydrated after 3 d (Fig. 6B). In contrast to the severe
drought-induced decrease in NR mRNA, SPS and PEPCase
transcripts were much less affected (Fig. 6, A and C).
PEPCase transcripts decreased by about 30% after 7 d of
water stress (Fig. 6A), whereas the effect on the SPS mRNA
pool was even less severe (10–20%; Fig. 6C). In both cases
the levels of transcript were rapidly restored to control
values following rehydration at d 3 of the experiment.

Foliar Carbohydrate Contents

The Suc contents of leaves from water-stressed and well-
watered maize plants were similar throughout the 7 d of
the experiment (Table I). In contrast, foliar Fru and Glc
contents increased by 3.7- and 6-fold, respectively, in the
leaves of plants deprived of water for 7 d (Table I) com-
pared with the water-replete plants (Table I). There was

Figure 2. The rate of net photosynthetic CO2 assimilation (mmol m22

s21) by leaves of maize plants continuously irrigated (f), subjected to
8 d of water deprivation (Œ), or deprived of water for 3 d and then
rewatered to soil capacity (E). Each value represents the mean of
three replicate experiments. SE is indicated for each value.

Figure 1. Total leaf water potential of maize plants continuously
irrigated (f) or subjected to 8 d of water deprivation (Œ). The water
potential of detached leaves was measured with a Scholander pres-
sure chamber. Each given value represents the mean of three repli-
cates. SE is indicated for each value.
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about twice the amount of starch in leaves of maize plants
deprived of water for 7 d than in well-watered controls
(Table I). When water was restored to droughted plants at
d 3 of the experiments, the foliar carbohydrate contents
rapidly returned to values comparable to those measured
in water-replete controls (data not shown).

Foliar Amino Acid and NO3
2 Contents

The amino acid contents of maize leaves increased about
2-fold, from approximately 4 mmol mg21 chlorophyll at the
beginning of the experiment to about 9 mmol mg21 chlo-
rophyll after 7 d of water stress. Gln, Glu, Asn, Gly, and Ser
accounted for a large part of the total amino acid pool in
water-replete maize plants (Fig. 7). The foliar contents of
Gln, Glu, and Asn were not greatly changed in leaves of
plants deprived of water, but there was a marked accumu-
lation of Ala (Fig. 7). Small increases in other amino acids
were also observed (data not shown). The increase in the
total amino acid pool of leaves of water-stressed plants was
therefore due to the accumulation of Ala. The maize plants
studied in these experiments were large but contained little

stored NO3
2 in their leaves despite being supplied with

saturating N throughout the period of growth and devel-
opment (Khamis and Lamaze, 1990; Khamis et al., 1990). In
water-stressed maize leaves, foliar NO3

2 levels decreased
below the level of detection (Table I).

DISCUSSION

Drought induces complex changes in C and N metabo-
lism resulting from water deficits and from modifications
in the availability of nutrients (Talouizite and Champigny,
1988; Larsson et al., 1991; Beyrouty et al., 1994). The pho-
tosynthetic apparatus is known to be relatively resistant to
water stress (Cornic et al., 1989; Quick et al., 1989; Chaves
and Pereira, 1992). This appears to be true in maize leaves,
in which photosynthesis quickly recovered when plants
were rehydrated (Fig. 2). Carbohydrate-mediated repres-
sion of transcription of photosynthetic genes, such as those
coding for the Rubisco large and small subunits, is a pos-
sible mechanism of control when carbohydrate accumu-
lates in leaves (Krapp et al., 1993; Sheen, 1994; Graham,
1996; Koch, 1996). This may occur in water-stressed maize

Figure 3. The maximal extractable activities of NR (I), PEPCase (II), or SPS (III) of leaves of maize plants continuously
irrigated (shaded bars) or exposed to 1 week of water deprivation (black bars). Total extractable NR activity (mmol mg21

chlorophyll [Chl] h21) was assayed in the presence of 5 mM EDTA (A) or in the presence of 10 mM Mg21, allowing
calculation of the activation state (D). Total extractable PEPCase activities (mmol mg21 Chl h21) were measured in the
absence of malate (B). In E, each given value represents the ratio of total extractable PEPCase activity and the respective
PEPCase activity assayed in the presence of 3 mM malate. Maximal extractable SPS activities (mmol mg21 Chl h21) are given
in C, and F shows the ratio of maximal catalytic SPS activity to that measured under conditions of limiting substrates in the
presence of Pi. Each value represents the mean of three replicate experiments. SE is indicated for each value.
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leaves following several days of water stress and provides
at least a partial explanation for the reduction in photosyn-
thetic capacity. Depletion of essential nutrients, particu-
larly NO3

2, can also cause changes in gene expression and
enzyme activity in stress situations (Scheible et al., 1997a,
1997b). Although measurements at single time points such
as those presented here provide only a limited snapshot of
metabolism, they are nevertheless indicative of the overall
shift in C and N metabolism that occurs as a result of
drought.

Carbohydrate-mediated repression of PEPCase gene
transcription has been observed in isolated mesophyll pro-
toplasts of maize (Sheen, 1989). The decrease in the PEP-
Case transcript pool that occurred with carbohydrate accu-
mulation in water-stressed maize leaves (Fig. 5) in the
current study is consistent with this observation. In con-

trast, the maximal extractable foliar PEPCase activities
were increased in plants subjected to water deficit com-
pared with water-replete controls (Fig. 3). In marked con-
trast to the increased turnover of the PEPCase transcript
pool, the PEPCase protein and PEPCase activity were sta-
bilized during drought, as has been observed previously
(Saccardy et al., 1996). The measured drought-induced de-
crease in the sensitivity of PEPCase activity to the inhibitor
malate (which is a measure of the phosphorylation state of
the enzyme; Jiao and Chollet, 1991; MacKintosh et al., 1995)
indicates an additional shift in metabolism to increased
PEPCase activity (Fig. 3).

Although photosynthetic rates were decreased during
drought (Fig. 2), the residual photosynthetic capacity of the
maize leaves still accounted for the observed increases of
carbohydrate accumulation during water stress when ex-
port of Suc from the leaf was restricted (Table I). The loss
of photosynthetic CO2 assimilation caused by decreased
leaf water potentials was accompanied by a decrease in
maximal extractable SPS activity and an increase in the
phosphorylation state of the enzyme. To study changes in
total extractable SPS activity, we used an assay that con-
tained saturating concentrations of substrates (the Vmax

assay) and found that SPS activity was decreased following
water stress (Fig. 3). We explored the activation state of SPS
by exploiting the changes in the kinetic properties of the

Figure 4. Maximal extractable NR activities in leaves from
droughted plants (Œ), water-replete controls (f), and plants rewa-
tered 3 d after the onset of water deprivation (E). Chl, Chlorophyll.
Results are means 6 SE.

Figure 5. The relationship between the CO2 assimilation rate in air in
the growth conditions and maximal extractable NR activity in the
same leaves. Samples were taken from individual water-replete
plants (f) or plants deprived of water for 7 d (l). Each value
represents the mean of three replicate experiments. Chl, Chlorophyll.

Figure 6. The NR (A), PEPCase (B), or SPS (C) transcript levels in
leaves of water-replete controls (WR) or water-deprived plants (WD)
at 3 d (1), 5 d (2), and 7 d (3) after withholding irrigation or 24 h after
irrigation to soil capacity of maize plants that had been deprived of
water for 7 d (RW). Denatured total RNA (10 mg) samples were
fractionated on a formaldehyde-agarose gel (1.5% agarose) and
transferred onto a membrane. The RNA blots were probed with the
partial 2.2-kb cDNA clone pZmnrl encoding NR of maize (Gowrie
and Campbell, 1989), a partial 1.0-kb cDNA clone corresponding to
PEPCase of maize (Sheen and Bogorad, 1987), or a full-length 3.4-kb
cDNA clone encoding SPS of maize (Worrell et al., 1991).
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enzyme, such as the sensitivity to the inhibitor Pi, caused
by protein phosphorylation (Siegl et al., 1990).

SPS activities were measured in the presence of limiting
substrate levels and with Pi (Vsel). Water stress led to a
decrease in Vmax (Fig. 3E) and Vsel (Fig. 3F) compared with
water-replete controls. Thus, in contrast to SPS in the
leaves of C3 plants (Quick et al., 1989), maize leaf SPS
showed no metabolic compensation for decreased maximal
extractable SPS activities by changes in the kinetic proper-
ties that would favor an increase in activity in substrate-
limited conditions. In maize leaves drought-induced mod-
ulation of SPS activity regulates the carbohydrate pool in
relation to the decreased rates of net photosynthesis and N
assimilation. The decrease in total extractable SPS activity
and the increase in SPS phosphorylation state would serve
to decrease the flux of C to Suc in a situation of declining
photosynthetic capacity and export.

Observations on the compartmentation of Suc synthesis,
seen exclusively in the mesophyll cells of maize leaves
(Furbank et al., 1985; Lunn et al., 1997) and the ATP-
mediated SPS activation in other C4 plants (Lunn et al.,
1997) suggest that Suc biosynthesis is subject to different
mechanisms of regulation in C3 and C4 plants. This may
explain the observed inactivation of maize SPS observed
here during water deficit, which is in marked contrast to
the activation of SPS observed in spinach under similar
circumstances (Quick et al., 1989).

In maize there was a clear water-deficit-induced de-
crease in both maximal extractable SPS activity and SPS
activation state (as indicated by the Vsel activity; Fig. 3).
This would favor decreased Suc biosynthesis in water-
stressed maize leaves, which showed significant hexose
accumulation (Table I). Water deficit favored starch break-
down in C3 species (Fox and Geiger, 1985) but caused
accumulation of starch in maize (Table I). There was also a
substantial increase in free Glc in droughted maize leaves,
which may indicate that considerable starch turnover is
favored under conditions of water deficit.

A consistent relationship between photosynthesis and
maximal catalytic NR activity was observed in maize
leaves. The maximum catalytic NR activity was strongly
decreased in water-stressed maize leaves (Fig. 3). This is
consistent with previous observations of water-stress-
induced losses in maximal extractable foliar NR activity in
other species (Plaut, 1974; Heuer et al., 1979; Talouizite and
Champigny, 1988; Larsson et al., 1989; Wellburn et al.,
1996). NR is known to be posttranslationally regulated by
reversible phosphorylation/dephosphorylation changes in
maize leaves (Huber et al., 1994a). Since deprivation of CO2

causes inactivation of NR via this mechanism (Kaiser and

Brendle-Behnisch, 1991), it is not surprising that drought
has also been found to decrease the NR activation state in
tomato (Brewitz et al., 1996), as it did in the present study
with maize (Fig. 3D).

During water stress the decrease in maximal NR activity
was accompanied by a sharp decline in NR transcript levels
(Fig. 6). This appears to be relatively specific for NR tran-
scripts, because other mRNA pools (e.g. those correspond-
ing to SPS or PEPCase) were much less affected by drought
(Fig. 6). NR gene transcription in leaves is induced by
NO3

2 and carbohydrates (Cheng et al., 1992; Vincentz et
al., 1993) and inhibited by Gln (Vincentz et al., 1993). In the
current study, Suc and Gln did not significantly increase in
water-stressed maize leaves (Table I and Fig. 7, respective-
ly). The decrease in the quantity of NR message observed
following the onset of water deprivation (Fig. 6) may have
been caused by the decrease in foliar NO3

2. Even when
the maize plants were watered daily with nutrient solu-

Figure 7. The contribution of major amino acids to the total amino
acid pool in droughted maize leaves (A) and in water-replete controls
(B). Measurements were made 7 d after the onset of water deprivation.

Table I. The accumulation of soluble starch, sugars, and NO3
2 in maize leaves

Time of Sampling Starch Suc Glc Fru NO3
2

mmol GEa mg21 Chl mmol mg21 Chl mg mg21 Chl
d 0 0.11 6 0.03 0.344 6 0.033 0.269 6 0.15 0.182 6 0.037 ,30
Well-watered plants on d 7 of the experiment 0.08 6 0.02 0.285 6 0.066 0.134 6 0.03 0.076 6 0.013 ,30
Plants deprived of water for 7 d 0.15 6 0.02 0.294 6 0.039 0.527 6 0.023 0.275 6 0.006 Not detectable

a GE, Glc equivalents; Chl, chlorophyll.
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tion, leaves contained little stored NO3
2. In droughted

maize leaves foliar NO3
2 was below the level of detection

(Table I).
NO3

2 not only modulates NR transcription but is also an
important determinant of the stability of NR transcripts
(Galangau et al., 1988). A severe or prolonged NO3

2 deficit
may not only result in a reduction of NR gene transcription
but also in reduced stability of both the NR transcripts and
NR protein (Galangau et al., 1988; Ferrario et al., 1995). The
rapid recovery of NR transcripts (Fig. 6) and NR activity
(Fig. 4) following the onset of rewatering would tend to
support this view. NR protein degradation appears to be
regulated, since NR activity and NR protein decrease to-
ward the end of the photoperiod (Galangau et al., 1988). A
modified form of NR with a truncated N terminus did not
show dark inactivation, and the corresponding decline of
NR protein levels was abolished (Nussaume et al., 1995).
Regardless of the mechanisms associated with NR protein
turnover, the drought-induced decrease in maximal cata-
lytic NR activity together with decreases in the NR activa-
tion state would be sufficient to prevent primary N assim-
ilation in water-stressed maize leaves.

Plants have developed physiological and biochemical
strategies to tolerate water deficits. In optimal and stress
conditions, the appropriate provision of carbohydrates and
amino acids in the required amounts and stoichiometries
must be achieved by efficient communication and regula-
tion. Our data show that in maize leaves subjected to water
deficit there is clearly a concerted down-regulation of NR
activity and photosynthesis (Fig. 5). A correlation between
maximal extractable NR activity and ambient photosynthe-
sis was observed (Fig. 5). During drought, Suc production
in maize leaves is limited by a down-regulation of the
activity of SPS. The decreases in the capacities of NO3

2

assimilation and Suc synthesis can be considered to be
coordinated to adjust the production of amino acids and
sugars to reduced demand under these conditions.
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